Improved selection of patients with stroke for IV tPA treatment may enhance clinical outcomes. Given the limited availability of MR imaging in hospitals, we examined the cost-effectiveness of adding CTP to the usual CT-based methods for selecting patients on the basis of the presence and extent of penumbra.
B
rain imaging with unenhanced CT is the standard diagnostic test used to distinguish hemorrhagic and nonhemorrhagic stroke so that appropriate thrombolytic evaluation can occur and treatment can be administered if appropriate. 1, 2 Penumbral brain MR imaging studies have shown a potential for identifying patients who may benefit from IV tPA treatment beyond 3 hours (eg, perfusion lesion greater than diffusion lesion volume by Ն20%). 3, 4 However, the use of MR imaging to perform penumbral imaging in addition to standard CT can be costly in terms of dollars and time, may require specialized technicians to be available to administer and interpret scans, and may not be readily available or in close proximity to the emergency department at many hospitals. CTP studies have been performed to understand which parameters best define infarct and penumbra. 5 Thus, CTP might be considered a possible practical alternative in examining penumbra.
Treating acute ischemic stroke with IV tPA between 3 and 4.5 hours increases the potential pool of patients treated in this manner and has been shown to be beneficial. 6 However, the question of optimal patient selection to reduce the risk of hemorrhage and increase the therapeutic index of tPA in this extended window is still relevant.
In a recent analysis, we found that penumbra-based MR imaging when added to unenhanced CT in selecting patients for IV tPA within the indicated 3-hour window was costeffective from a general payer perspective. 7 With the limited availability of MR imaging equipment and staff, the initial cost to set up a penumbra-based CTP program may be a more favorable alternative. We sought to determine if CTP-based methods of patient selection for thrombolysis would also be cost-effective.
Materials and Methods

Overview and Patient Population
A decision-analytic model was constructed on the basis of the previous MR imaging analysis 7 to examine the cost and outcome associated with the treatment of patients with suspected stroke with either the usual acute stroke care or the usual acute stroke care with the addition of CTP to better select candidates for IV tPA treatment.
Patients in the analysis were assumed to be similar to patients observed in the pooled analysis of ATLANTIS, ECASS, and the National Institute of Neurological Disorders and Stroke tPA trials, 8 and Schellinger et al 4 with baseline National Institutes of Health Stroke Scale scores that ranged from 11 to 14 and a mean age of 68 years, with most (85%) of the patients being white and non-Hispanic.
Comparators
Results from ECASS III reported an improved favorable outcome for patients treated with IV tPA over patients treated with a placebo between 3 and 4.5 hours. Thus, in the analysis presented in this article, we have included patients into the usual care arm of the model who underwent an unenhanced CT alone, patient history, and treatment with IV tPA within the expanded treatment time of 3-4.5 hours from onset of stroke symptoms, if the patient had no contraindications to IV tPA by ECASS III criteria. 6 Other standard treatments, such as antiplatelet therapy or mechanical clot retrieval by FDA-approved devices, are assumed to be administered to patients beyond 4.5 hours.
A secondary analysis was performed in which patients in the usual care arm were treated with IV tPA as indicated (ie, unenhanced CT alone, patient history, and treatment with IV tPA within the indicated 3 hours from onset of stroke symptoms) compared with adding a penumbra-based CTP.
Patients in the CTP arm of the model received unenhanced CT and patient history similar to those in the usual care arm. However, patients with acute ischemic stroke also received brain imaging via CTP, and IV tPA treatment was assumed to be administered to patients Յ6 hours after symptom onset if the patient had evidence of penumbra and no contraindications to IV tPA other than the time delay. If penumbra was not found in these patients, then other standard treatments were given on the basis of results from the unenhanced CT and patient history. Patient eligibility and dose of tPA administered were assumed to be per FDA labeling. 9 On the basis of a study of 9 US clinics, 43.2% of patients arriving at the hospital Ͻ3 hours after onset of stroke symptoms would have contraindications for IV tPA.
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Model Structure
A decision tree model, programmed in Excel (Microsoft, Bothell, Washington), similar to that presented in a previous analysis, 7 was developed to examine the cost-effectiveness of the use of CTP during the course of the patient's hospital stay (On-line Fig 1) . Details of patient flow are presented in the On-Line Appendix. Because stroke outcome is typically measured on the basis of a 90-day mRS of 0 -6 and impact on outcome data before 90 days is limited in the literature, these data are used to proxy patient outcome at hospital discharge. Both adverse events and stroke outcome are assumed to influence a patient's length of stay in the hospital for the index event. After discharge from the hospital, a proportion of patients may experience hospitalization for recurrent stroke. The impact of extended time horizons of 1 and 5 years includes recurrent stroke and is examined in scenario analyses. Total hospital cost and outcome are estimated for each outcome state that may occur Յ90 days following the index stroke hospitalization.
The model assumes that all patients are admitted to a hospital where IV tPA can be administered. Thus, patients are not transferred to another facility for treatment. In analyses that extend beyond the index hospitalization, patients also are assumed to return to the same hospital as in the index stroke hospitalization for the recurrent stroke.
Input Parameters
Clinical Efficacy. For patients in whom CTP was not performed and who received other standard treatments (ie, not IV tPA) within and beyond 4.5 hours, clinical outcomes were estimated from a pooled analysis of the IV tPA trials. 8 In patients receiving IV tPA, favorable outcome (ie, mRS Ͻ2) was found to improve compared with patients not receiving IV tPA by an adjusted odds ratio of 2.81 (95% CI, 1.75-4.50; P value not reported) and 1.55 (95% CI, 1.12-2.15; P value not reported) in patients treated within 1.5 and between 1.5 and 3.0 hours after onset of stroke, respectively. 8 The recent ECASS III clinical trial reported improvement of favorable outcome for patients receiving IV tPA within 3.0 -4.5 hours with an odds ratio of 1.34 (95% CI, 1.02-1.76; P value ϭ .04) compared with those not receiving IV tPA. 6 Data from these publications were used to estimate the percentage of patients treated with the usual care in each mRS group. These percentages are presented in On-line Table 1 .
The impact of the use of penumbra-based CTP on clinical outcome has not been directly quantified. As a result, the impact of CTP on stroke outcome is assumed to be equivalent to the estimates published for penumbra-based MR imaging regarding treatment in Ͻ3.0 hours and in 3.0 -6.0 hours. Specifically, Schellinger et al 4 reported odds ratios of favorable outcome (ie, mRS Ͻ2) among patients selected for IV tPA treatment via MR imaging of 1.467 (95% CI, 1.017-2.117; P value ϭ .04) and 1.136 (95% CI, 0.841-1.534; P value Ͼ .05) and being treated Ͼ3 and Ͻ3 hours compared with unenhanced CT alone. These data were used to derive the percentage of patients with 90-day mRS for CTP IV tPAՅ3.0 hours and CTP IV tPAϾ3.0 hours and are presented in On-line Table 1 . Adverse Events. Major adverse events addressed in the model are SICH due to the administration of IV tPA and contrast-induced nephropathy due to the administration of contrast media during CTP. All other adverse events were assumed to have minimal impact on resource use while the patient was in the hospital.
SICH or transformation of infarction into a SICH was estimated from the IV tPA pooled analysis, ECASS III, and the clinical study of better selection via MR imaging. 4, 6, 8 Hacke et al 8 reported the percentage of SICHs occurring in patients treated with placebo or IV tPA within different time windows after symptom onset (On-line Table  1 ). For this analysis, we assume the incidence of SICH from the pooled analysis for patients treated with IV tPA and other treatments. The relative difference in SICH between patients treated with IV tPA and placebo in the pooled analysis was observed to be lower than that reported in ECASS III. As a result, this analysis is conservative in favor of the usual care. We examined the impact of these data in sensitivity analysis in which the incidence of SICH within 3.0 -4.5 hours after onset of stroke for patients treated with IV tPA with no CTP was 5. If penumbra-based MR imaging selection was performed, SICH was found to be significantly reduced when 5.3%, 2.8%, and 4.4% of patients were treated with IV tPA in Ͻ 3 hours with unenhanced CT-selection only, with IV tPA in Ͻ3 hours with MR imaging selection, and with IV in tPAϾ3 hours with MR imaging selection, respectively. 11 Mortality due to SICH was assumed to be 46.7% in patients treated with other standard treatments and 62.2% in patients treated with IV tPA. 8 This percentage was assumed to be constant, regardless of selection technique. 8 The incidence for SICH is presented in Online Table 1 .
Imaging. Patterns of penumbra, defined as PWIϾDWI by Ն20%, were assumed to exist in 61.7% of patients. 12 If penumbra existed in patients, we assumed that the presence and extent could be determined 100% of the time if an MR imaging was performed. On the basis of the sensitivity, specificity, and accuracy of determining the presence and extent of penumbra via CTP versus MR imaging, CTP was assumed to accurately image penumbra 89.2% of time. 5 Unenhanced CT and CTP diagnostics were assumed to be available 24 hours a day for 7 days a week (24/7), and patients were assumed not to have contraindications for CTP or CT scanning. Interpretation of scans in combination with patient history should diagnose hemorrhagic stroke with 100% accuracy. Extensive sensitivity analysis was performed around all parameters Timing Data. As in the previous MR imagingϪbased analysis, 7 successful treatment of acute stroke is dependent on timely and proper administration of treatment. 8, 9 Total time from onset of stroke to acute stroke treatment was estimated by summing average times from stroke onset to arrival at the emergency department, time from arrival at the emergency department to determination of acute stroke treatment, and additional time due to administration and interpretation of CTP as reported in the published literature. An overall mean time was estimated at 436 minutes. 13, 14 Cost. Costs in the model are those that would be incurred by a hospital and were obtained from standard US costing sources or published literature (On-line Table 2 ). Details are presented in the OnLine Appendix. All costs in the model were reported in 2008 US dollars, inflated by using the Medical Consumer Price Index 15 and discounted at 3% per annum 16 when appropriate.
Mortality. Mortality due to stroke, SICH, and all causes was considered in the model. Ischemic stroke and SICH mortality rates were estimated from the clinical studies and are reported in On-line Table  1 . Mortality due to hemorrhagic stroke was estimated from Earnshaw et al. 17 In addition to stroke and SICH mortality, all-cause mortality was considered in scenario analyses in which the time horizon was extended to 1 and 5 years and was obtained from the US National Vital Statistics Reports. 18 Age-and sex-specific life tables were obtained and adjusted by mRS-specific death hazard ratios reported by Samsa et al 19 to estimate life expectancy for stroke survivors in these scenario analyses. Life expectancy was allowed to decrease as patients age. Mortality due to stroke and SICH are presented in On-line Table  1 . Death hazard ratios for adjusting patient life expectancy are presented in On-line Table 2 . Utility Weights. Utility weights, by mRS group status, were obtained from a study by Samsa et al. 19 These all-stroke utility weights are presented in On-line Table 2 . Life-years and QALYs were discounted at 3% per annum when appropriate.
Model Calculations. The model is designed to calculate costs, lifeyears, QALYs, percentage of patients with ischemic stroke treated, percentage of patients with 90-day mRS score 0 -6, and percentage of patients with favorable outcome (mRS, Ͻ2). Incremental costeffectiveness ratios calculated include the following: incremental cost per life-year gained, incremental cost per QALY gained, and incremental cost to avoid major disability (mRS, Ն4).
Sensitivity Analysis. To test the robustness of the assumptions and specific parameters of the model, we examined the effect of changing several parameters in 1-way, scenario, and probabilistic analyses. The effect of varying individual parameters was examined by using plausible ranges of values from the literature (On-line Tables 1  and 2 ), 95% CIs, or by varying the estimates by Յ20% in each direction. One-way analysis is presented in the form of a tornado diagram.
In probabilistic sensitivity analysis (second-order Monte Carlo simulation), all parameters were varied simultaneously. The analysis was run 10,000 times to capture stability in the results and uncertainty represented in a scatterplot.
Results
Base-Case Analysis
From the immediate hospital perspective, our analysis suggests that fewer patients with ischemic stroke would be treated with IV tPA when adding CTP due to the ability to select out less favorable patients (eg, those who may be at higher risk for SICH in the 3 to Ͻ4.5 hours) and to include patients who could benefit from IV tPA treatment at Ͼ4.5 hours (Table 1) . Although fewer patients are treated, overall favorable outcome is improved slightly. Thus, CTP improves life-years by 0.0004 and QALYs by 0.0005. Even though patients undergoing CTP receive additional diagnostic costs, these costs are largely offset because of the reduction in use of IV tPA, which is an expensive medication. Thus, adding CTP reduces the overall cost to the hospital and was found to be cost-saving (ie, more efficacious and less costly).
When extending the time horizon of the analysis from 90 days to 1 and 5 years, we observe greater benefit and lower cost difference because the true benefit of CTP selection and IV tPA to patients extends beyond the time horizon of the index hospitalization. Thus, CTP remains a cost-saving strategy at both a 1-and 5-year time horizon.
In a secondary analysis, when we compared CTP selection with the usual care where IV tPA is administered only within the indicated 3 hours, hospitals may still expect to treat fewer patients with IV tPA. The addition of CTP results in similar costs and outcomes compared with the usual care.
Sensitivity Analyses
One-way sensitivity analysis evaluates the effect of varying input parameters on the incremental cost per QALY of CTP versus CT-based selection (Fig 1) . Overall, the results were most sensitive to changes in the probability of contrastinduced nephropathy; however, even at the upper bound of its acceptable range, the incremental cost per QALY is costeffective (ie, incremental cost per QALY Ͻ $50,000).
Two parameters, which are not shown in the tornado diagram, had a significant impact on the incremental cost per QALY. These parameters are the odds of favorable outcome for patients receiving CTP imaging and IV tPAՅ3.0 hours and the odds of favorable outcome for patients receiving CTP imaging and IV tPAϾ3.0 hours. When the odds of favorable outcome for patients receiving CTP imaging and IV tPA were set at their lower bound for either parameter (ie, CTP imaging has less impact on efficacy), CTP is less costly and less efficacious. As expected, when the odds of favorable outcome for patients receiving CTP imaging and IV tPA were set at their upper bound, the results remained cost-saving compared with CT alone.
Results of the 10,000-iteration probabilistic sensitivity analysis (Fig 2) showed that in 59.4% of simulation runs, CTP had lower costs and greater QALYs than CT-based selection alone. CTP selection was cost-effective in 89.15% of the simulation runs (ie, cost-saving or incremental cost per QALY Յ $50,000); it remained cost-saving in 78.4% of those runs.
Discussion
CTP provides an alternative diagnostic approach for hospitals in examining the presence and extent of penumbra. Despite the increase in imaging costs and a potential for delay in treating patients (eg, due to increased time taken to perform the CTP if IV tPA is not given immediately after the unenhanced CT), penumbra-based CTP selection was shown to decrease mortality and improve functional outcome in patients on discharge from the hospital. Overall, costs to the hospital were comparable. When extending the IV tPA treatment to 4.5 hours, selection with CTP results in a cost-saving approach to the hospital. Sensitivity analyses showed these results to be insensitive to changes in most parameters, with the exception of changes in the odds of achieving favorable outcome for CTP tPAՅ3 and CTP tPAϾ3. In these scenarios, the reduced costs of better selection of patients could not be overcome by the odds of favorable outcome if the probability of a favorable outcome was estimated at its lowest boundary. Probabilistic sensitivity analysis confirmed that CTP selection would be cost-effective in 89% of situations. These models all assume that there is no alternative method for penumbral detection (eg, MR imaging) that is readily available.
In this analysis, we observed that CTP would reduce the number of patients (by 0.8%) who receive IV tPA when considering treatment within 3.0 -4.5 hours, while improving overall outcomes. This reduction occurred by selecting fewer patients within the first 3 hours. If we assume that all patients within 3 hours were treated and we examined only the costeffectiveness of the use of CTP in patients 3-4.5 hours after stroke onset, we observe an incremental cost per QALY Ͼ$100,000. However, note that this only accounts for the cost-effectiveness in the short term (ie, hospital perspective). In an analysis that considers the full benefits of improved outcomes due to the selection of patients by using CTP, we would observe an incremental cost per QALY of well under $50,000 because the additional initial $500 cost of undergoing CTP is offset by reduced downstream medical costs.
We recognize that this model has a number of limitations. A key limitation is that there is no direct evidence supporting the assumption that the use of CTP leads to improved functional outcome. We also recognize that CTP cannot provide the MR imagingϪspecific information such as diffusion imagingϪweighting infarct volumes and detection of microbleeds that is useful for potentially reducing the risk of bleeding. For this analysis, better selection by penumbral detection was drawn by inference from the MR imaging literature, with a reduction in selection ability 4 based on the lower expected accuracy and whole-brain coverage of CTP compared with MR imaging. Even with this reduction, CTP demonstrated promising cost-effectiveness compared with the usual care of unenhanced CT. Our data should not be interpreted as scientific evidence that penumbral detection by CTP should now be used to withhold IV tPA from otherwise eligible patients who present within 3 hours but rather that if data do accumulate that support this hypothesis, then CTP will be increasingly cost-effective.
Sensitivity analysis showed that the results are sensitive to the clinical impact that CTP might truly demonstrate. Specifically, we saw that when the odds of favorable outcome for patients undergoing CTP imaging were at their lower bounds (ie, close to no effect in the case of treating beyond 3 hours and a negative effect when treating within 3 hours), the use of CTP became less efficacious. When running a scenario in which penumbra-based CTP provides no benefit in terms of favorable outcome and reduction in SICH, we also see that CTP is less efficacious because fewer patients will be treated as a result of the additional time it takes to perform the CTP. Thus, patients become ineligible for IV tPA because they now fall outside the treatment time window. As a result, additional research will be important to further support these results.
Another limitation of the analysis is the ability to accurately estimate the cost of implementing and performing CTP 24/7 in a hospital that does not already have this service. This additional cost might include that for specialized training of other CT technologists and having them in the hospital 24/7 so as not to limit the ability of other x-ray-based technologists to help support acute stroke response requirements. Increased Cost-saving cost due to additional wear and tear on CT machines, increased data storage needs, and the need for physician supervision of contrast infusion should also be considered. However, because most hospitals already have CT, there is little cost to upgrade to CTP. To examine the impact of this assumption in the analysis, we extended the upper bound of the cost of CTP to account for these additional costs. When increasing the cost by 45%, the incremental cost per QALY is $50,000. Increasing the cost by 54% increases the incremental cost per QALY to $100,000. Thus, implementation costs may have a great effect. Complete implementation cost analyses within specific hospital settings will be important to help fully estimate the financial impact. Another potential limitation of this analysis is that the use of a modeling approach of a decision tree was chosen over the more traditionally used Markov model. Because we set out to examine the impact that IV tPA selection methods have on costs and outcomes from a hospital perspective, we thought that the most appropriate modeling to use was a decision tree approach. 29 The advantage is that we can capture the details of timing and different clinical pathway decisions that occur in the short time horizon much better in a decision tree approach. For the longer term scenario analyses we performed, we extended the decision to account for the extended time rather than run patients through a Markov component. Although Markov methods are typically thought of as being more appropriate for modeling longer term time horizons, we also believe that use of a Markov component would not greatly alter the results. More important from a hospital perspective, it is unknown whether patients with recurrent stroke will return to the same hospital for treatment. Therefore, the use of longer term horizons for an analysis undertaken from the individual hospital perspective requires careful consideration.
In this analysis, we developed a model to compare the use of penumbra-based CTP selection with the usual unenhanced CTϪbased methods. Because we did not extend this analysis to examine how CTP-based methods compare with MR imagingϪbased methods, we cannot comment on the relative effectiveness compared with MR imaging selection. Furthermore, it could be argued that if CTP is cost-effective then perhaps CT angiography may be cost-effective as well. These are all important points. Overall, we observed that the use of additional diagnostics to assist in determining appropriate treatment for acute stroke may have a positive cost impact. As a result, it will be important to perform additional analyses to understand how these penumbra-based and anatomic methods compare with one another.
Conclusions
In summary, diagnostic imaging with CTP may provide hospitals and clinicians with greater access and a more costefficient alternative to improve stroke outcomes with IV tPA based on penumbral selection. These effects might be synergistic with advantages gleaned from performing CT angiography to identify patients with proximal vessel occlusions. Even in the short term, we observed that using penumbra-based CTP selection after routine CT would be cost-effective for hospitals. Thus, this economic analysis may lend further support to the consideration of a paradigm shift in acute stroke evaluation. Results of probabilistic sensitivity analysis: incremental cost-effectiveness scatterplot of patient selection using CTP versus CT for 90 days following primary stroke. Dotted line represents an incremental cost / QALY ϭ $50,000. Points to right of the dotted the line are considered cost-effective. Gray dots represent simulations. The black dot represents the base-case result.
